ABSTRACT
cGMP signalling plays an important physiological role in diverse organs including the vasculature, the GI-tract and the nervous system. Furthermore, cGMP-elevating substances such as glyceryl trinitrate are important drugs used in cardiovascular diseases. Physiologically, cGMP synthesis is induced by nitric oxide (NO) and natriuretic peptides through the stimulation of guanylyl cyclases. Major mediators of cGMP signalling are the cGMP-dependent protein kinases type I and II (cGKI and cGKII). The functional significance of each kinase type in diverse organs was determined using total and tissue-specific cGKI-and cGKII-deficient mice. These studies established that cGKI plays a major role in the regulation of the cardiovascular and the gastrointestinal system, hippocampal and cerebellar learning and pain perception. cGKII is involved in intestinal water secretion, bone growth and circardian rhythmicity. The cGK mutant mice are important tools to obtain detailed insights into cGMP-mediated signalling pathways in health and disease.
CYCLIC GMP
Cyclic guanosine-3`,5`-monophosphate (cGMP) is a second messenger molecule which plays a physiological role in diverse organs comprising the cardiovascular system, the gastrointestinal tract, the immune system, and the brain. cGMP is generated by soluble and particulate guanylyl cyclases that are activated by nitric oxide (NO) and by atrial, brain or C-type natriuretic peptides (ANP, BNP and CNP), respectively. cGMP exerts its physiological effects through at least three classes of cGMP effectors: cGMP-dependent protein kinases (cGK), cyclic nucleotide-gated ion channels and cGMP-regulated phosphodiesterases (PDE) which hydrolyze cGMP and/or cAMP. In addition, cGMP is able to activate cAMP-dependent protein kinase either at high cGMP concentrations or by inhibiting cAMP-specific PDE which rise the cAMP concentration. cGMP is finally degraded by cGMP-hydrolyzing PDE which regulate the duration and the amplitude of the cGMP signal.
cGKs: GENES AND PROTEINS

cGKI and cGKII in mammals
In mammals two different genes encode cGMPdependent protein kinases, cGKI and cGKII. The cGKs belong to a subfamily of serine/threonin kinases with common structural features. The protein has three functional domains: an N-terminal domain, a regulatory domain and a catalytic domain. The catalytic domain transfers the gamma-phosphate of ATP to the serine/threonine residue of the substrate protein. The regulatory domain contains two allosteric cGMP binding sites. The N-terminal domain contains a leucine/isoleucine zipper which is required for i) homodimerization ii) inhibition of the catalytic center which is released after cGMP binding to the regulatory domain iii) autophosphorylation-dependent activation of the enzyme at low cGMP concentrations and iv) subcellular targeting of the enzymes (1-5).
cGKI is a cytosolic enzyme, whereas cGKII is targeted to the plasma membrane by myristoylation of the Gly2 residue (6). Alternative splicing of the exons encoding the N-terminal domain of cGKI leads to expression of two different isoforms, cGKIalpha and cGKIbeta. The cGKI isozymes differ from each other in their cGMP dependence, substrate specificity and tissue distribution. The cGKIalpha enzyme is activated at 10-fold lower cGMP concentrations than the cGKIbeta enzyme (1). cGKIalpha and cGKIbeta might regulate different physiological functions, because they bind distinct substrate proteins through their different N-terminal domains and may localize to different subcellular compartments. cGKIalpha and cGKIbeta are also localized in different tissues. cGKIalpha is highly expressed in the cerebellum, in dorsal root ganglia and in smooth muscle tissues. cGKIbeta is mainly found in smooth muscle, in platelets, in the hippocampus and in the olfactory bulb (7) (8) (9) (10) . Lower levels of cGKI are present in fibroblasts, in renal cells, in the spinal cord and in leukocytes. cGKII is expressed in the intestinal mucosa, kidney, chondrocytes, lung and several brain nuclei (11) . The broad expression pattern of the cGKs indicates a pleiotropic function of these enzymes. The function of cGKI and cGKII was analysed in detail using total knockout mice which lack cGKI or cGKII in all cells and tissue-specific mutants in which the particular cGK gene was inactivated in selected cell types using the Cre/lox site-specific recombination system (12, 13) . The functional consequences of the enzyme deletions will be described in sections 3.3 and 4. More general applicable results will be described in section 3.2.
cGK signalling
The cGKI signalling pathway is best understood in smooth muscle, where cGKI activation leads to a decreased vascular tone (14) (15) (16) (18, 19) . Activated BK Ca channels hyperpolarize the cell membrane and close L-type calcium channels that provide extracellular calcium for contraction (20, 21) . Interestingly, deletion of the BK Ca channel only marginally affected the blood pressure in adult animals (22) . Several groups showed that phospholamban is phosphorylated in smooth muscle by cGKI (23, 24) . This reaction should increase Ca 2+ -uptake into the intracellular stores and ,thereby, induce relaxation. However, phospholamban-deficient mice showed unaltered cyclic nucleotide-induced aortic relaxation (25) . The Ca 2+ -desensitizing mechanisms which induce smooth muscle relaxation involve the myosin phosphatase and RhoA (14) . Myosin phosphatase might be activated by cGKIalpha via phosphorylation of the myosin binding subunit (26, 27) . Nevertheless, a direct effect of cGKI on myosin phosphatase activity was not observed up to now. The activation of myosin phosphatase could also result from the phosphorylation and thereby inactivation of RhoA by cGKI (28) .
The best known signalling mechanism for cGKII so far is the phosphorylation of the cystic fibrosis transmembrane conductance regulator (CFTR) ion channel. Only the membrane-bound cGKII phosphorylates CFTR. This phosphorylation stimulates chloride and water secretion (29) . Several other targets exist for cGKII, but the underlying signalling mechanisms have yet to be resolved.
cGK knockout mice
cGK-deficient mice are useful tools to determine the specific physiological functions of cGKs. The cGKI null mutants have a reduced life-span (50% of the mice die before 5 to 6 weeks of age). These mice show multiple defects including impaired smooth muscle relaxation, disturbed gastrointestinal motility (30) and enhanced platelet adhesion (31) . Tissue-specific cGKI knockout mice were generated for cardiac and smooth muscle as well as for different regions of the central nervous system (hippocampus and cerebellum) which allowed one to examine the cell type-specific functions of cGKI. The cGKII null mutants have a normal life-span. They also show multiple phenotypes including dwarfism, decreased intestinal chloride and water secretion, an altered renin secretion and an alcohol preference (32) (33) (34) (35) . A variety of functional studies were performed with these cGKI-and cGKII-deficient mice (see below and summary in Table 1 ).
cGK: FUNCTION
cGKI in the cardiovascular system
cGKI plays an important role in cardiovascular physiology and pathophysiology. For instance, cGKI affects the contractility and phenotype of vascular smooth muscle cells, platelet function and cardiac contractility.
Vascular smooth muscle
NO and ANP stimulate the synthesis of cGMP which relaxes small arteries and thereby decreases blood pressure. Accordingly, the deletion of endothelial NO synthase (eNOS), ANP or its receptor, GC-A, in mice caused high blood pressure (36) (37) (38) . In line with this, cGKI knockout mice exhibited impaired NO/cGMP-dependent relaxation of small arteries and aortic rings (19, 30) . Furthermore, young cGKI knockout mice (about 4-5 weeks) developed hypertension Therefore, the antihypertensive effects of nitrates and ANP might be mediated at least partially by cGKI. However, older cGKI knockout animals (about 7 weeks) developed normotension. This might be caused by compensatory mechanisms in the mice. Interestingly, cGKI null mutants showed normal arteriolar dilations in response to acetylcholine in vivo (39) . This supports the view that not only nitric oxide (EDRF) via cGMP and cGKI but also the endothelium-derived hyperpolarization factor (EDHF) is involved in acetylcholine-induced vasorelaxation.
cGKI relaxes the vascular smooth muscle tone through Ca 2+ -dependent and Ca 2+ -independent mechanisms as described in section 3.2. The inhibitory effect of cGMP on noradrenaline-induced calcium transients in vascular smooth muscle cells was abolished in cGKI-deficient mice. Reconstitution of cultured cGKI-deficient vascular smooth muscle cells with cGKIalpha but not with cGKIbeta restored the inhibitory effect of cGMP on noradrenalineinduced calcium transients (40) . These results suggest that cGKIalpha might be the predominant cGKI isoform inhibiting intracellular calcium transients in vascular smooth muscle. However, the role of the cGKIalpha and cGKIbeta isoforms in smooth muscle relaxation in vivo remains to be analysed. In this respect it is interesting to note that mice expressing a mutated form of IRAG, a substrate for cGKIbeta but not cGKIalpha, show reduced NO/cGMP-dependent inhibition of hormone-induced calcium transients and smooth muscle contraction (Schlossmann and Hofmann, unpublished data). It is, therefore, likely that the cGKIbeta/IRAG pathway contributes to smooth muscle relaxation in vivo. In the future it will be important to determine whether cGKIalpha and/or cGKIbeta restores the defective cGMPdependent vascular relaxation in vivo in cGKI-deficient mice.
In smooth muscle, the cGMP level is regulated by phosphodiesterases, mainly by PDE5. cGKI-specific phosphorylation of PDE5 contributes to the activation of the enzyme and lowers thereby cGMP (41) . Therefore, it is possible that cGMP levels might be enhanced in cGKIdeficient mice. The potentially elevated cGMP concentration might be involved in normalization of the blood pressure of older cGKI-deficient mice via crossactivation of PKA (19) .
Hitherto it is controversial whether NO/cGMP/cGKI signalling enhances and/or limits vascular remodelling. The analysis of transgenic mice showed that NO is able to promote and also to inhibit vascular remodelling (42) . Furthermore, NO as well as cGMP can exhibit both antiproliferative and proliferative effects on smooth muscle cells (43) . Thus, at least part of the NO effects on vascular remodelling might be mediated by cGMP and cGKI. Indeed, recent results obtained with cGKI mutant mice indicate that cGKI promotes the phenotypic modulation and proliferation of vascular smooth muscle cells. Smooth muscle-specific cGKI knockout mice showed an impaired development of smooth muscle-derived plaque cells and a reduced atherosclerotic lesion area on an ApoE knockout background indicating that smooth muscle cGKI contributed to the proatherogenic effect of (44) . In line with this observation is a report that natriuretic peptides and cGKI improved vascular regeneration and angiogenesis in an ischemia model (45).
Platelets
Nitric oxide and cGMP are important inhibitors of platelet functions including aggregation and granule secretion. There is evidence that these effects are mainly mediated by cGKI as deletion of cGKI in mice enhanced platelet aggregation and serotonin secretion (31) . Furthermore, the activation of the fibrinogen receptor was not inhibited in cGKI knockout mice. In vivo, cGKIdeficient platelets showed increased adhesion and aggregation after ischemia/reperfusion.
The main mechanism of cGKI-dependent inhibition of platelet function is probably the reduction of agonist-induced increases in [Ca 2+ ] i . Thus, cGKI-deficient platelets from patients with chronic myelocytic leukemia lacked cGMP-mediated regulation of intracellular calcium (46) . Activation of cGKI inhibited the calcium release from InsP 3 -sensitive stores in platelets and megakaryozytes (47, 48) . Although the InsP 3 -receptor (InsP 3 R) is phosphorylated by cyclic nucleotidedependent kinases in platelets (49, 50) . other evidence suggests that the decreased intracellular calcium release is caused by phosphorylation of the cGKI substrate IRAG (51). Other substrates which could be involved in the cGKI-dependent regulation of platelet function include the cGKI-substrate VASP and the phosphodiesterase PDE5. The deletion of VASP lead only to a minor phenotype and affected only slightly the inhibition of platelet aggregation by cyclic nucleotides (47, 52) . VASP is of physiological importance because nitric oxide did not inhibit the adhesion of VASP-deficient platelets to the injured vascular wall. Furthermore, the concerted action of endothelial and platelet VASP prevented thrombotic events (53) . As in smooth muscle cells (see above), the activation of PDE5 by cGMP provides a negative feedback mechanism for the cGMP response. The NOinduced cGMP levels did not differ in platelets from wild type and cGKI knockout mice suggesting that platelet PDE5 is directly activated by cGMP and not via phosphorylation by cGKI (54).
Heart
NO and ANP have been reported to regulate cardiac function (55, 56) . Therefore, conventional and cardiomyocyte-specific cGKI knockout mice were analysed in respect to cardiac phenotypes. The cardiomyocytespecific cGKI knockout mice were fully viable without any grossly altered phenotype (57) . Deletion of cGKI attenuated the inhibitory effect of cGMP on the betaadrenergic stimulated positive inotropy. In contrast, the negative inotropic effect of muscarinic agonists was not influenced in the cGKI-deficient mice. A possible cardiac cGKI target might be the Ca V 1.2 L-type calcium channel which was directly inhibited by cGKI overexpressed in cardiomyocytes (58).
cGKI and cGKII in the gastrointestinal tract
NO has been suggested to function in the regulation of intestinal function, because the intestine is innervated by NANC (non-adrenergic non-cholinergic) neurons which are part of the enteric nervous system and release NO upon excitation. This might be the reason that deletion of the nNOS lead to severe gastrointestinal defects including deficient motility, gastric stasis and pylorus stenosis (59, 60) . cGKI is expressed in all gastrointestinal smooth muscle tissues including esophagus, gastric smooth muscle, the intestine, the colon and caecum and in the enteric nervous system (10, 30, 61) . cGKI null mutants exhibited a severe gastrointestinal phenotype including stomach dilation, pyloric contraction, pylorus hypertrophy, poststenotic dilation of the duodenum, dilation of the caecum and contraction of the ileocaecal region (62) . As consequence, the gastrointestinal motility was severely disturbed in these animals (30) . There is some evidence that the gastrointestinal phenotype might result from a defect in smooth muscle relaxation. In cGKI-deficient mice it was observed that both the Ca 2+ -dependent and the Ca 2+ -independent component of intestinal relaxation was impaired (63) . Furthermore, the contractility of the gastric fundus induced by electrical field stimulation was disturbed in cGKI-deficient mice. The anatomy of the enteric nervous system was not altered, NO synthase and the vasoactive intestinal peptide had a similar immunostaining pattern in wild type and cGKI-deficient animals (62) . Interestingly, the induction of a smooth muscle-specific cGKI knockout in adult mice did not lead to altered gastrointestinal motility in vivo, although NO/cGMP-dependent relaxation of intestinal smooth muscle was strongly reduced in vitro (64). Thus, it is likely that the gastrointestinal defect in the constitutive cGKI-deficient mice could be the consequence of a defect in the interplay between the enteric nervous system (where cGKI is also expressed, (61) ) and the smooth muscle cells.
Guanylin and the Escherichia coli heat stable toxin STa increase water secretion in the small intestine through activation of the guanylyl cyclase C (GC-C) causing diarrhea. cGKII is expressed in the secretory epithelium of the small intestine. cGKII-mediated phosphorylation of the CFTR stimulates chloride and water secretion (29) . Furthermore, cGKII leads to Na + -absorption in the small intestine (65) . cGKII-deficient mice were resistant to Escherichia coli STa (32).
cGKI and cGKII in kidney and bladder
The kidney regulates blood pressure by renin secretion from juxtaglomerular cells and subsequent activation of the renin-angiotensin-aldosterone system (RAAS). The effect of NO on kidney function is controversial as both stimulatory and inhibitory effects on renin secretion were observed. Studies using eNOSdeficient mice showed that eNOS-derived NO enhances renin release and inhibits renal perfusion pressure (66, 67) . cGMP signalling might affect the RAAS as cGMP-analogs inhibited renin secretion in isolated kidney or juxtaglomerular cells (68, 69). Furthermore, disruption of the ANP gene caused salt-sensitive hypertension (37) . In contrast, the deletion of the ANP-receptor GC-A resulted in salt-resistant hypertension (38) . These effects might be partly mediated by cGKII which is associated with renin storage granules in juxtaglomerular cells (70) . After feeding mice with different salt diets, the renin mRNA levels in kidneys from cGKII-, but not from cGKI-deficient mice, were enhanced. Furthermore, renin secretion from juxtaglomerular cells was increased in the cGKII-deficient mice. Therefore, cGKII exerts a general negative control on the renin system and might be involved in the exocytosis of renin in juxtaglomerular cells. The inhibition of renin secretion by cGKII could in principal affect blood pressure. However, cGKII-deletion did not change blood pressure, maybe because of a dual role of cGMP, e.g. activating cGKII and inhibiting cAMP degradation (34) . cGKI deletion did not change the bladder morphology or weight, but reduced rhythmic contractility of the bladder and increased bladder volume. Furthermore, the deletion of cGKI diminished NO/cGMP-dependent relaxation of the urinary duct smooth muscle and resulted in hyperactive voiding. Forskolin-induced relaxation was also impaired in the urethra from cGKI knockout mice which could indicate a crosstalk between cAMP and cGKI (71).
cGKI and cGKII in the nervous system 4.4.1. Synaptic plasticity and learning
Long term potentiation (LTP) is a form of synaptic plasticity characterized by an activity-dependent long-lasting enhancement of synaptic transmission. LTP can be induced in the CA1-region of the hippocampus and could be important for spatial learning and memory. It was suggested that NO is generated postsynaptically and acts a retrograde messenger inducing LTP via activation of the presynaptic soluble guanlylyl cyclase and, finally, cGK (72) (73) (74) (75) . However, LTP in the hippocampal CA1-region was normal in total cGK knockout mice lacking cGKI, cGKII or both kinases (9) . Nevertheless, the pleiotropic defects in the total knockout mice and the fact that cGKI knockout mice have a reduced life-span could have affected the LTP regulation in these animals. Therefore, hippocampus-specific knockout mice were used to study the effect of cGKI deletion on LTP more precisely. These hippocampus-specific cGKI knockout mice showed normal LTP in young animals (4-6 weeks), but reduced LTP in older animals (12 weeks) (76) . However, the hippocampusspecific cGKI knockout mice performed normal in two tests for hippocampus-dependent learning, a discriminatory water maze and contextual fear conditioning. Therefore, the role of hippocampal cGKI for spatial learning and memory is not clear. cGKI might affect more subtle types of learning in the hippocampus.
Cerebellar long term depression (LTD) is an activity-dependent attenuation of synaptic transmission at the parallel-fiber-Purkinje cell synapse which is involved in motor learning. Cerebellar Purkinje cells contain high concentrations of cGKIalpha. In these cells, cGKI phosphorylates the G-substrate that then inhibits protein phosphatase 1 (77) and/or phosphatase 2A (78) . Purkinje cell-specific deletion of the cGKI gene abolished cerebellar LTD suggesting that cerebellar output is regulated by cGKI (79) . These LTD-deficient cGKI mutants did not exhibit general defects in motor performance, but showed a diminished adaptation of the vestibulo-ocular reflex, a simple form of cerebellum-dependent motor learning. In conclusion, cGKI in Purkinje cells is dispensable for general motor coordination, but is required for LTD and specific forms of motor learning.
Behaviour and rhythm
The deletion of NO-synthases in mice changed strongly the behaviour leading to enhanced aggressiveness and stereotyped behaviour in nNOS-deficient mice or reduced aggressiveness in eNOS knockout mice (80, 81) . Hippocampus-and Purkinje cell-specific cGKI mutants as well as cGKII-deficient mice did not show gross behavioural phenotypes. However, cGKII knockout mice exhibited a slightly enhanced fear perception in the elevated maze and an abnormal alcohol preference during a first encounter but not in later test sessions (35) .
The master circadian clock which determines many rhythmic processes is located in the suprachiasmatic nuclei (SCN) of the hypothalamus. Circadian rhythm depends on several clock genes including Period 1 and 2. cGKII is expressed in the hypothalamus including the SCN. cGKII knockout mice displayed a normal circadian rhythm but were defective in resetting the circadian clock. The basis for this phenotype could be the opposing effect of cGKII on Period 1 and 2 expression. The light induction of Period 2 is strongly reduced during the early night phase, but induction of Period 1 is enhanced in cGKII knockout mice (82) .
Development
For the development of the nervous system a correct pathfinding of axons is essential. Pathfinding in various areas of the developing brain is affected by cGMP (83). For example, the semaphorin-induced growth cone collapse can be antagonized by cGMP (84, 85) . Hence, cGK could be involved in the axon guidance process. cGKIalpha is expressed in sensory axons during developmental stages. Branching of sensory nerve fibers in the entry zone of the dorsal root is defective in cGKIdeficient embryos leading to a decreased sensory and nociceptive transmission in newborn mice (8) .
Furthermore, activation of cGKI in embryonic dorsal root ganglia counteracts semaphorin 3A-induced growth cone collapse.
Nociception
Several observations lead to the hypothesis that the NO/cGMP/cGKI pathway is critical for nociception. NO donors resulted in hyperalgesia and inhibitors of NO synthases caused antinociception (86) . cGMP was critical for long-term sensitization of sensory neurons (87) . Furthermore, inhibition of cGKI in the spinal cord reduced formalin-induced hyperalgesia (88) . cGKI-deficient mice showed reduced nociception in formalin assays and zymosane-induced paw inflammation. However, acute thermal nociception was unaltered in these animals (89) . These nociceptive effects of cGKI might be mediated, at least in part, by substance P, because its expression was reduced in spinal cord neurons and fibers of cGKI-deficient mice.
cGKI and cGKII in other organs 4.5.1. Bone growth
Deletion of cGKII in mice resulted in dwarfs which developed short bones. In these mice, bones derived by membranous ossification evolve normally while bones derived by endochondral ossification were shortened. The dwarfism is caused by a defect in the endochondral ossification at the endochondral plate (32, 90) . Endochondral ossification is stimulated by CNP. cGKII is downstream of the CNP receptor GC-B (33). The growth defect induced by the deletion of cGKII was not rescued by overexpression of CNP indicating that cGKII is absolutely required for normal endochondral bone development.
Penile erection
Penile erection is mediated by NANC neurons that release NO upon excitation (91) . Downstream signalling of NO is mediated through cGKI. Male cGKI null mutants failed to relax the corpus cavernosum after activation of the NO/cGMP signalling pathway and exhibited a dramatically reduced reproduction. The reduced fertility in these mice was not caused by a faulty spermatogenesis, because sperms of cGKI-deficient mice were able to fertilize eggs (92).
Immune system
The influence of NO and cGMP on the immune system is controversial, since high concentration of NO donors and cGMP analogues inhibited neutrophil chemotaxis and granule secretion, whereas lower concentrations facilitated this response (93, 94) . Studies with cGKI-deficient neutrophils showed enhanced neutrophil chemotaxis and granule secretion (95) . Hence, cGKI might inhibit the migration of neutrophils and the secretion of granules. The underlying signalling mechanisms need to be further analysed.
CONCLUSION AND PERSPECTIVES
The analysis of conventional and tissue-specific cGKI-and cGKII-knockout mice has advanced our understanding of the functional significance of these protein kinases as mediators of cGMP signalling in health and disease. These studies highlighted the importance of cGKs in the vascular system, platelets and neutrophils, the gastrointestinal tract, kidney and bladder, penile erection, bone growth, and the nervous system. Nevertheless, we are still only at the beginning to understand these signalling pathway, because only a few in vivo substrates of the cGKs are known. Our knowledge on many systems is marginal. We need a better understanding of the interaction of platelets with the vessel wall and the endothelium, the changes induced by atherosclerosis in vascular smooth muscle cells and macrophages, the interplay between the gastrointestinal smooth muscle and the enteric nervous system, and the diverse effects of cGKs in the nervous system. Furthermore, the pathophysiological consequences of cGK defects and the underlying mechanisms have to be resolved in more detail. Moreover, we lack informations on the substrates and roles of the cGK isozymes Ialpha and Ibeta. Studies in these areas will provide a deeper understanding of the physiology of cGKs and their potential as future therapeutic targets.
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